We have Isolated a mutant form of Escherlchla coll riboaomal protein S4.
INTRODUCTION
Escherlchla coll rlbosomal protein S4 has been shown to act as a feedback regulator of an operon containing the structural genes for proteins S13, Sll, L17, the alpha subunit of RNA polymerase, and S4 Itself (1, 2) . This regulation apparently takes place at the translational level by a direct binding of the S4 protein to the beginning section of the messenger RNA which encodes this operon (3, 4). It has been postulated that this mRNA binding function Involves RNA structural features which are very similar to the 16S RNA region responsible for protein S4 binding (5).
Corroborative evidence for the translational feedback regulatory capacity of S4 was obtained by the isolation of a temperature sensitive mutant strain of E;_ coll containing an altered form of S4.
This mutation was shown to effectively inhibit protein S4's capacity to regulate the alpha operon (6).
We have purified this mutationally altered form of ribosomal protein S4 and attempted to determine the nature of the change In the protein's structure.
Our chemical analysis of the protein strongly supports the conclusion that the C-terminal section (probably residues 170-203) is deleted by the mutation. This conclusion is consistent with that of other workers who have investigated mutatlonal alterations of protein S4 with similar phenotypes (7, 8, 9).
We have also analyzed this mutant S4 protein for Its capacity to bind 16S RNA. We find that it binds 16S RNA with the same specificity and similar strength as the wild-type protein. This is consistent with our previously published work (10) which demonstrated that a fragment of the protein consisting of amino acids 1-167 retained full 16S RNA binding function. On the basis of these experiments we suggest the possibility that the protein's two functional domains responsible for 16S RNA recognition and mRNA binding are not Identical, though they may be overlapping.
MATERIALS AND METHODS
Ribosomes were isolated by previously described methods (11).
E_;_ coll strains used were MRE600 and a temperaturesensitive mutant K-12 strain, designated as NO22O7 (6), obtained from S. Jinks-Robertson and M. Nomura.
The 30S peak off the preparative sucrose gradient zonal centrlfugation of the tsmutant's ribosomes was collected with some SOS contamination to maximize the yield of the mutant protein S4.
Ribosomal proteins were extracted from purified ribosomal subunits by the 67X acetic acid method (12).
The extracted proteins were purified by high performance llqTild chromatography (HPLC) using a Blo-Rad SP-5-PW preparative Ion-exchange column (13). Proteins were identified by one-and two-dimensional polyacrylamlde gel electrophoresls (PAGE) (14).
Sodium dodecyl sulfate PAGE was used for molecular weight estimations (IS).
Purified proteins were labeled in vitro by light reductive methylatlon of lyslne residues using H-formaldehyde (New England Nuclear) and sodium cyanoborohyride (Sigma) (16). Protein concentrations were determined by the Lowry method (17) using The reaction products were dlalyzed into 5* acetic acid and lyophilized.
RESULTS

Purification of the Mutant S4 Rlbosomal Protein
We have purified the ribosomal protein S4 from the temperature sensitive mutant strain of E_^ coll designated N02207 (6). The profile of the HPLC chromatographic separation is reproduced in Figure 1 . The peaks were analyzed by one-and two-dimensional electrophoresis, prlmarly to determine the position of the mutant protein S4 (S4m), but also to tentatively identify most the other 30S proteins present.
S4m comes off at a slightly higher salt concentration than wild-type S4, but still comes off before S15, the next protein to be eluted in the wild-type profile. Proteins identified as non-30S by this system were marked by The amino acid compositions of S4m and wild-type S4 were determined and the results are summarized in Table 1 . We attempted to fit the raw data of the S4m analysis to numerous possible fragments of the (wild-type) S4 sequence. Although an exact fit was not achieved with any, the only one that was even remotely consistent was the sequence 1-169.
Molecular Weights of the Mutant S4 Protein and Various Cleavage Fragments
Wild-type protein S4 contains a cysteine at position 31 which can be cleaved by HTCB (14).
It also has a single Asn-Gly To help us determine the region of the mutant protein S4m altered by the mutation, we used these chemical fragmentation techniques to examine the primary structure of the protein. Figure 2 shows one-dimensional SDS PAGE analyses of protein S4, the mutant S4 and the fragments of these two proteins produced by NTCB and by NH OH.
The molecular weights of all these fragments were estimated and the results are summarized in Table 2 .
Minor contaminants are present due to the fact that the shoulders of the S4m peak were used for these studies, so that the central portion of the peak could be used for the other studies requiring extremely pure protein.
The results show that the S4m protein is approximately 4,000 daltons smaller than the wild-type S4 protein, which corresponds to about 36 anino acids. The molecular weights of the two NTCB cleavage products strongly suggest that the N-terminal 30 amino acids are unaltered by the mutation. As can be seen, the molecular weights of the large pieces, representing the C-termlnal region, show large differences In estimated molecular weights, while the wild-type and the mutant small fragments are essentially identical within the precision of the SDS PAQE analysis.
The analysis of the small pieces is somewhat obscured, as they tend to be affected by band curvature across the gel and the amount present stains poorly. However, several electrophoretlc runs verified that they both migrated the same distance.
A similar result was obtained with the NH OH produced fragments.
The larger of the two fragments, derived from the N-terminal section of protein S4, has remained unchanged by the mutation, whereas the C-termlnal region All of these data taken together strongly suggest that the ts-mutant protein Is missing a substantial portion of Its Ctermlnus.
OV Spectra of Proteins S4m and Wild-type 34
Rlbosomal protein S4 contains only one tryptophan residue which Is located at position 167 (25).
Since the molecular weight analyses described above Indicated that approximately 36 anlno acids are deleted from the C-terminus of the S4m protein, we determined whether the tryptophan residue Is deleted In the mutant protein.
This was accomplished by conducting a UV spectral analysis on both proteins, which gave mass extinction coefficients of 1.67 0D /mg for the wild-type protein and 2.07 280 0D /mg for S4m. These factor to molar extinction coefficients 280 at 280nm of 38,600 and 38,400-39,500 for the wild-type and mutant protein, respectively, using the MWs given in the last column of Table 2 .
Our conclusion is that the mutant protein contains a tryptophan.
Peptlde Separations of Protein S4 and Mutant Protein S4
In an effort to more precisely identify the section of protein S4 deleted by the mutation, we digested the two proteins with three different proteases and developed peptide maps using reverse phase HPLC (see Materials and Methods). Our peptide separations show that no significant changes in the retention times for the tryptophan containing peptides appear for either the chymotrypsin digest or the S_^ aureus protease digest.
However, the trypsln digest showed a marked alteration in the retention time of the tryptophan containing peptide. The analogous peaks in the scans at 230nm shown in Figure 3 were determined and are marked by asterisked arrows.
We conclude that the deletion must be in a region between residues 169 and 174.
Because of our molecular weight estimates, the amlno acid composition determinations, and the magnitude of the shift in the retention time for the tryptophan-contalnlng trypsin fragment, we suggest that the deletion is closer to position 169. These experiments demonstrate that the purified mutant protein and wild-type protein have similar affinity for specific binding to 16S RNA. 
DISCUSSION
The regulation of ribosomal protein synthesis has been shown to take place at the level of translation (for review see 26) . It appears that an auto-regulatory mechanism. Involving specific ribosomal proteins, exists for every operon containing r-proteln genes.
The mechanism postulated for this autoregulation is that one protein specified by the structural gene in the operon has the capacity to recognize and bind a region of the messenger RNA preceding the mRNA region which encodes the protein primary structures.
The proteins which so far have been identified as having the capacity to regulate their own operons are LI (2, 27), L10 (28, 29, 30), L4 (31), S4 (2, 32) , S7 (33), S8 (2, 33) and S20 (34) .
All of these proteins have been shown to be capable of independent, strong, and specific binding to their cognate rlbosomal RNAs (for review see 35). This correlation led to the postulatlon that the basis of the autoregulatlon is due to a direct recognition of mRNA by the regulatory protein and that this recognition involves mRNA sequences homologous with the rRNA binding sites.
In support of this idea, the leader sequences of several r-proteln operons have been determined and found to have considerable homology with the rRNA binding sites of the respective regulatory proteins (5, 36, 37, 38, 39, 40) . In all cases, Including r-protelns S4, S7, S8, S15, LI, L4, and L10, these homologous sequences can be arranged into secondary structures which appear to have many similar features.
This observation has generated the speculation that the feedback control of rlbosomal protein biosynthesis involves a direct competition between mRNA and rRNA binding sites.
If feedback regulation is due to certain rlbosomal proteins having the capacity to bind specifically to both mRNA and to rRNA, this might mean that a mutant strain of the organism, defective in the feedback control mechanism for a r-protein operon, would also contain a regulatory protein defective In its capacity to bind rRNA.
We have examined this concept by Isolating the protein S4 from the mutant strain of E^ coll denoted NO22O7, which falls to successfully regulate the alpha o operon at 37 (6). Using a variety of chemical analyses, we have determined that the C-terminal region of the protein is deleted by the mutation.
This result Is completely consistent with findings by workers who have determined the primary structure of S4 proteins derived from other mutant strains of E^_ coll, which were isolated as streptomycin Independent (8, 9). These reports Indicate that in some mutant strains the S4 protein is deleted at the C-termlnal region.
Our studies have so far dealt with chemical modification (cleavage) of proteins that can bind 163 RNA directly, to determine the domains of these proteins Involved In the actual proteln-RNA Interaction.
Previous work in our lab on S4 has demonstrated that this ability Is retained after the loss of the N-termlnal 46 amino acid residues (18) and that the the loss of the C-termlnal 79 amino acid residues has little to no effect on the thermodynamics of the S4-16S rRNA Interaction (24). One experiment demonstrated the functional activity lost with the scission of the C-terminal 36 aaino acid residues was predominantly of a conformatlonal nature -It assembled into a fully protein-complimented 30S-llke particle, but that this particle sedimented at a slightly lesser S-value than the normal 30S subunit (10).
This present work demonstrates further the viability of an almost identical fragment In an In vivo system. o However, the mutant strain does not grow at 42 , and this lethality could be due to either a perturbation In 16S RNA binding and assembly, or to a destabillzation of the posttranslatlonal control exerted by 34 (2, 32). The first would be consistent with our characterization of a conformatlonal stability being lost with this section of the protein; If this domain of 34 stabilized the final subunit (and its position within it as well), causing a 273 to SOS "contraction", its loss should tend to destabilize this conformation.
This temperature-sensitivity can be seen as reflection of this destabllization.
Previous work with this mutation in a different
(wild-type rpsL) genetic background demonstrated that the defect in posto translational repression was strongly expressed at 37 (6), even though growth at this temperature exceeded that at both 30 and o 42 . It is tempting to speculate that, since our 16S RNA binding studies done at room temperature showed no nore difference from o intact S4 than those done at 0 , the post-translatlonal control (mRHA binding) ability of the protein is being affected to a much greater degree than the 16S RNA binding ability, which would further imply that the domains involved In binding these two RNA species are not Identical (though they could be overlapping). This is an unresolvable conclusion at this point, since we have found that the growth rates for the mutant and the parental strains are very close at permissive temperature (data not shown).
This emphasizes that no distinct phenotyplc differences are readily apparent between these two variants of protein S4 at (and presumably below) this temperature.
Comparative binding studies between 16S RNA and alpha-operon mRNA, using both wildtype and mutant S4, possibly could demonstrate a difference and prove this point. Unfortunately, Isolation of the required amount of pure mRNA Is not technically feasible and our binding assays o cannot be performed at 37 .
If a higher temperature binding assay could be designed, It would provide more insight into this question.
In conclusion, the viability of a mutant posesslng an S4 protein similar to one generated chemically by us confirms the veracity of our previous experiments demonstrating RNA-blndlng (and assembly) domains. Our research has shown that excisions of peripheral sections of a binding protein can still give a polypeptlde that binds 16S rRNA in a specific fashion. By the In vivo studies done by Nomura and his group and shown by us to be the result of a similarly truncated polypeptlde, It has been demonstrated that an organism can survive with a truncated protein similar to one shown by us to posess the minimal functional regions needed for RNA binding. This implies that our in vitro results have ramifications extending into actual biologically functional organisms.
